SP # 217 (3725) 



RARE-EARTH-Ba-Cu-0 SUPERCONDUCTORS 
AND METHODS OF MAKING SAME 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to second-generation high 

temperature superconductors. More specifically, the present invention relates to rare- 
earth-Ba-Cu-0 superconductors, and methods of making same. Even more 
specifically, the present invention relates to rare-earth-Ba-Cu-O superconductors that 
have minimal degradation of Jc when a magnetic field is applied normal to the 
superconductor's surface. 

BACKGROUND OF THE INVENTION 

[0002] Initially, the first generation of superconductors included materials that 

exhibited superconducting properties at temperatures only below about 2 OK. These 
were known as low temperature superconductors. New, second-generation high 
temperature superconductors (HTS) are now being developed. These second- 
generation HTS are resistance-fi-ee conductors made of ceramic materials that exhibit 
superconducting properties at temperatures between about 25-130 K, which therefore 
require less expensive cooling systems than those needed for low temperature 
superconductors. 

[0003] Several commercial electric power and military applications would 

benefit fi-om the use of second-generation high temperature superconductors. 
However, there are presently several hurdles that need to be overcome before high 
temperature superconductors can be successfully utilized in such applications. One 
obstacle that needs to be overcome is that the superconducting material must be able 
to operate in the high magnetic fields that such devices operate at. The magnetic field 
that the superconducting material will experience in many such devices (i.e., 
commercial generators and motors, and most military applications) may be in the 
range of 1-5 Tesla. In a typical coated superconductor tape, when a magnetic field of 
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1 Tesla is applied perpendicular to the tape's surface, the critical current density 
decreases by a factor of about seven to about ten from its self-field value. As a result, 
in order to achieve 100 A/cm in a magnetic field of 1 Tesla at 77K, a critical current 
density of 1 MA/cm^ needs to be achieved in a 1 micron thick film at 1 Tesla and 
77K. Such high levels of critical current densities have not yet been demonstrated, 
not even in short lengths of coated superconducting tape. 

[0004] In attempts to increase the performance of high temperature 

superconductors in high magnetic fields, some present high temperature 
superconductor prototype devices are being cooled to about 30K. However, cooling 
these devices to this low temperature increases the operational costs of the 
superconductor, and decreases the reliability thereof 

[0005] Other attempts to increase the performance of high temperature 

superconductors in high magnetic fields involve utilizing thick films. However, 
making thick films is a complex and expensive process, and only limited success has 
been achieved by utilizing this technique. Essentially, to achieve 100 A/cm at 1 Tesla 
and 77K, a critical current of 700 to 1000 A/cm width has to be achieved at zero 
applied field and 77K, and this level of performance has not yet been achieved in 
thick films. Furthermore, increasing the film thickness reduces manufacturing 
throughput and increases material costs. 

[0006] Therefore, there is a need for high temperature superconductors that 

can operate at high temperatures and high magnetic fields. Such high performance 
HTS materials would ideally comprise rare-earth-Ba-Cu-O coated superconductors. It 
would be desirable to have such HTS materials comprise yttrium (Y) and/or heavy 
rare earth materials such as samarium (Sm), ytterbium (Yb), neodymium (Nd), 
gadolinium (Gd), europium (Eu), lanthanum (La), dysprosium (Dy), holmium (Ho), 
and/or mixtures thereof It would be desirable to have such HTS materials have a 
superior critical current density. Ideally, these HTS would possess superior 
performance in the presence of a magnetic field (i.e., achieve 100 A/cm at 1 Tesla and 
77K). It would be further desirable to have such HTS materials have minimal 
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degradation of Jc when a magnetic field is applied normal to the surface of the HTS. 
For example, it would be desirable to have such HTS materials have a drop in Jc of 
less than a factor of about 7 at a temperature of about 30-77K, and at a magnetic field 
of about 1 Tesla, when the magnetic field is applied normal to the surface of the HTS. 
It would be yet fiirther desirable to have such HTS materials have a peak Jc when a 
magnetic field is applied perpendicular to the surface of the HTS that is at least about 
50% of the peak Jc that exists when the magnetic field is applied parallel to the surface 
of the HTS. It would be even fiirther desirable to have such HTS materials have a Jc 
value when a magnetic field is applied in any orientation with respect to the HTS 
surface that is at least about 50% of the peak Jc that exists when the magnetic field is 
applied parallel to the surface of the HTS. It would be yet further desirable to have 
such HTS materials comprise kilometer lengths of metal tape as the substrate. It 
would be still fiirther desirable to be able to make such HTS materials in a manner 
that allows suitably high manufacturing rates to be achieved. Many other needs will 
also be met by this invention, as will become more apparent throughout the remainder 
of the disclosure that follows. 

SUMMARY OF THE INVENTION 

[0007] Accordingly, the above-identified shortcomings of existing high 

temperature superconducting materials, and methods of making same, are overcome 
by embodiments of the present invention, which relates to second-generation high 
temperature rare-earth-Ba-Cu-O superconductors, and methods of making same. 
Ideally, these are coated superconductors. Embodiments of this invention may 
comprise HTS that can operate at high temperatures and high magnetic fields. These 
HTS materials may have a superior critical current density. These HTS materials may 
comprise kilometer lengths of metal tape as the substrate. 

[0008] Embodiments of this invention comprise high temperature 

superconductors comprising a drop in Jc of less than a factor of about 7 at a 
temperature of between about 30K to about 77K, and at a magnetic field of about 1 
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Tesla, when the magnetic field is applied normal to the surface of the superconductor, 
as compared to a Jc in the presence of no magnetic field. 

[0009] These superconductors may comprise a superconducting film on a 

metal tape. 

[0010] In embodiments, when a magnetic field is applied perpendicular to a 

surface of the superconductor, these superconductors may have a peak Jc that is at 
least about 50%, at least about 70%, at least about 90%, or at least about 50-90% of 
the peak Jc that exists when the magnetic field is applied parallel to the surface of the 
superconductor. 

[0011] These HTS materials may have a Jc value when a magnetic field is 

applied in any orientation with respect to the HTS surface that is at least about 50% of 
the peak Jc that exists when the magnetic field is applied parallel to the surface of the 
HTS. 

[0012] Embodiments of this invention also comprise high temperature 

superconductors having superior performance in the presence of a magnetic field, as 
compared to existing HTS materials. These superconductors may comprise: a 
substrate; at least one buffer layer disposed on a surface of the substrate; and at least 
one superconducting layer disposed over the at least one buffer layer, wherein the at 
least one superconducting layer comprises a rare-earth-Ba-Cu-O composition, and 
wherein the superconductor comprises a drop in Jc of less than a factor of about 7 at a 
temperature of between about 30K to about 77K, and at a magnetic field of about 1 
Tesla, when the magnetic field is applied normal to the surface of the superconductor, 
as compared to a Jc in the presence of no magnetic field. 

[0013] Embodiments of these high temperatiire superconductors may 

comprise RBa2Cu307.;r, wherein R comprises at least one of: yttrium (Y), samarium 
(Sm), ytterbium (Yb), neodymium (Nd), gadolinium (Gd), europium (Eu), lanthanum 
(La), dysprosium (Dy), holmium (Ho), and/or mixtures thereof, and wherein x is 
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greater than zero but less than one. Embodiments of these superconductors may also 
comprise at least one layer of RBa2Cu307..v and at least one layer of YBa2Cu307-.r, 
wherein R comprises at least one of: yttrium (Y), samarium (Sm), ytterbium (Yb), 
neodymium (Nd), gadolinium (Gd), europium (Eu), lanthanum (La), dysprosium 
(Dy), holmium (Ho), and/or mixtures thereof, wherein x is greater than zero but less 
than one. 

[00 14] Embodiments of this invention may comprise a single superconducting 

layer of a rare-earth-Ba-Cu-O material comprising at least one of yttrium (Y), 
samarium (Sm), ytterbium (Yb), neodymium (Nd), gadolinium (Gd), europium (Eu), 
lanthanum (La), dysprosium (Dy), holmium (Ho), and/or mixtures thereof. 
Alternatively, embodiments may comprise a layer of a rare-earth-Ba-Cu-O material 
comprising at least one of yttrium (Y), samarium (Sm), ytterbium (Yb), neodymium 
(Nd), gadolinium (Gd), europium (Eu), lanthanum (La), dysprosium (Dy), holmium 
(Ho), and/or mixtures thereof, sandwiched between two layers of YBa2Cu307-.v, 
wherein x is greater than zero and less than one. 

[0015] Embodiments of this invention also comprise tape-formed oxide 

superconductors having minimal degradation of Jc when a magnetic field is applied 
normal to the superconductor's surface. These superconductors may comprise: a 
metal tape substrate; at least one buffer layer overlying a surface of the metal tape 
substrate; a first superconducting layer comprising YBa2Cu307-.v overlying the at least 
one buffer layer; a second superconducting layer comprising RBa2Cu307-A overlying 
the first superconducting layer, wherein R comprises at least one of: samarium (Sm), 
ytterbium (Yb), neodymium (Nd), gadolinium (Gd), europium (Eu), lanthanum (La), 
dysprosium (Dy), holmium (Ho), and/or mixtures thereof; and a third superconducting 
layer comprising YBa2Cu307.;c overlying the second superconducting layer, wherein x 
is greater than zero and less than one. 

[0016] Embodiments of this invention also comprise tape-formed oxide 

superconductors having minimal degradation of Jc when a magnetic field is applied 
normal to the superconductor's surface. These superconductors may comprise: a 
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metal tape substrate; at least one buffer layer overlying a surface of the metal tape 
substrate; at least one superconducting layer comprising (YR)iBa2Cu307-.v overlying 
the at least one buffer layer; wherein R comprises at least one of: samarium (Sm), 
ytterbium (Yb), neodymium (Nd), gadolinium (Gd), europium (Eu), lanthanum (La), 
dysprosium (Dy), holmium (Ho), and/or mixtures thereof, and wherein x is greater 
than zero and less than one. 

[0017] Embodiments of this invention may be utilized in a variety of 

applications, such as for example, in power cables, power transformers, power 
generators, and/or power grids. The power cables may comprise a conduit for 
passage of a cooling fluid, and the high temperature superconductor may be disposed 
proximate (i.e., around) the. conduit. The power cables may comprise power 
transmission cables and/or power distribution cables. The power transformers may 
comprise one or more windings, wherein at least one winding comprises the high 
temperature superconductor. The power generator may comprise a shaft coupled to a 
rotor comprising at least one electromagnet comprising one or more rotor coils, and a 
stator comprising a conductive winding surrounding the rotor, wherein the conductive 
winding or at least one of the rotor coils comprises the high temperature 
superconductor. The power grid may comprise a power generation station comprising 
a power generator; a transmission substation comprising at least one power 
transformer for receiving power from the power generation station, and for stepping- 
up voltage for transmission; at least one power transmission cable for transmitting 
power from the fransmission substation; a power substation comprising at least one 
power transformer for receiving power from the power transmission cables, and for 
stepping-down voltage for distribution; and at least one power distribution cable for 
distributing power to an end user. 

[0018] Further features, aspects and advantages of the present invention will 

be more readily apparent to those skilled in the art during the course of the following 
description, wherein references are made to the accompanying figures which illustrate 
some preferred forms of the present invention, and wherein like characters of 
reference designate like parts throughout the drawings. 
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DESCRIPTION OF THE DRAWINGS 

[001 9] The systems and methods of the present invention are described herein 

below with reference to various figures, in which: 

[0020] Figure 1 is a cross sectional view of a superconducting tape showing 

one embodiment of this invention that comprises a layer of SmBaiCusO?-^ 
sandwiched between two layers of YBa2Cu307-x; 

[002 1 ] Figure 2 is a graph showing the magnetic field dependence of Jc of one 

embodiment of a coated superconductor of this invention as compared to the magnetic 
field dependence of Jc of a typical second-generation coated superconductor; 

[0022] Figure 3 is a graph comparing the magnetic field dependence of one 

embodiment of a coated superconductor of this invention when a magnetic field is 
applied parallel versus perpendicular to the surface of the superconductor; 

[0023] Figure 4 is a graph showing the angular dependence of Jc, in various 

magnetic fields, in one embodiment of a coated superconductor of this invention; and 

[0024] Figure 5 is a graph showing the angular dependence of Jc, in a 

magnetic field, in another embodiment of a coated superconductor of this invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] For the purposes of promoting an understanding of the invention, 

reference will now be made to some preferred embodiments of the present invention 
as illustrated in FIGURES 1-5 and specific language used to describe the same. The 
terminology used herein is for the purpose of description, not limitation. Specific 
structural and fiinctional details disclosed herein are not to be interpreted as limiting, 
but merely as a basis for the claims as a representative basis for teaching one skilled 
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in the art to variously employ the present invention. Any modifications or variations 
in the depicted support structures and methods of making same, and such further 
applications of the principles of the invention as illustrated herein, as would normally 
occur to one skilled in the art, are considered to be within the spirit of this invention. 

[0026] This invention relates to second-generation high temperature rare- 

earth-Ba-Cu-O superconductors, and methods of making same. As previously 
discussed, many commercial electric power and military applications would benefit 
fi-om the use of high temperature superconductors. Such applications generally 
require performance of about 100 A/cm in a magnetic field of 1 Tesla at 77K. 

[0027] The high temperature superconductors of this invention may comprise 

a superconducting structure that includes a substrate, a biaxially textured buffer layer 
upon the substrate, and a film of superconducting material upon the buffer layer. In 
some embodiments, the superconductors may comprise a substrate, one or more 
intermediate layers, and then one or more layers of superconducting material 
overlying the intermediate layer(s). The intermediate layers may comprise one or 
more layers of the following: a buffer layer, a seed layer or stack of seed layers, a 
biaxially-textured layer, and/or a cap layer for a better lattice match with the 
superconducting layer. Additionally, there may be one or more stabilizer layers 
overlying the superconducting material(s). 

[0028] The substrate in this invention may comprise a variety of materials, 

such as for example, a high strength tape-formed metal subsh-ate having weak or no 
magnetism. In various embodiments, the substrate may include, but is not limited to, 
any suitable polycrystalline metal or metal alloy such as nickel alloy and the like. In 
some applications, nickel alloy may be preferred due to its high strength and 
temperature-resistant properties. The substrate itself may be biaxially textured using 
processes well known in the art, such as RABiTS. The subsh-ate will preferably be as 
thin and flexible as possible, so that kilometer length wires, tapes and/or coils can be 
produced. 
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[0029] Biaxially-textured (i.e., narrow out-of plane and in-plane grain 

orientation distributions) buffer layers are generally used in HTS as intermediate 
materials between the substrate and the superconducting material. One or more 
biaxially-textured buffer layer may be deposited on the substrate to provide a new 
template upon which the superconducting layer can be grown. Buffer layers are 
generally necessary because if the superconductor material is deposited directly upon 
the metal substrate, metal may diffiise into the superconductor material and destroy its 
superconductivity. Almost every single metal element in the periodic table, aside 
from silver and gold, will destroy superconductivity. Therefore, intermediate buffer 
layers are needed to prevent reactions between the substrate and the superconducting 
material. The buffer layers themselves are stable and do not react with the 
superconducting material. Suitable examples of buffer materials include, but are not 
limited to, magnesium oxide (MgO), yttria-stabilized zirconia (YSZ), yttrium oxide 
(Y2O3), aluminum oxide (AI2O3), strontium ruthenate (SrRuOs), strontium titanate 
(SrTiOs), lanthanum aluminate (LaAlOs), other rare-earth oxides such as cerium 
oxide (Ce02) and gadolinium oxide (GdiOj), and/or combinations of these or other 
materials. The buffer layer may be of any suitable thickness, depending upon the 
application of the HTS, but generally, the buffer layer thickness will be about 0.1- 
2\xm. Typically, a stack of different materials is used to build a buffer layer, instead 
of just using a single layer of one material to build a buffer layer. These buffer layers 
may be deposited in many ways, such as by using electron beam evaporation, 
sputtering, ion beam assisted deposition (IBAD), inclined substrate deposition (ISD), 
ion beam nanotexturing (ITEX), sol-gel, metal organic deposition (MOD), and the 
like, or any other suitable method. 

[0030] Long lengths of superconducting films on tape (i.e., ribbon-shaped 

wires) are being developed as a next generation wire technology to conduct and carry 
large amounts of electrical current, without loss and without electrical resistance, for 
long periods of time over long distances. As previously discussed, such wires are 
generally made by depositing thin films of intermediate material(s) (i.e., buffer layers) 
onto ribbons of metals, followed by depositing a superconducting layer on top of the 
intermediate material(s). 
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[0031] YBa2Cu307.;c (YBCO) is the most commonly used composition for 

superconductors, where x is a number greater than zero but less than one. Those 
skilled in the art understand that YBCO will not be superconducting above 77K 
unless X is close to zero. While YBCO superconductors exhibit high critical currents 
when there is no applied magnetic field, their performance degrades substantially in 
the presence of high magnetic fields, especially when the magnetic field is applied 
perpendicular to the surface of the superconductor. 

[0032] Rare-earth-Ba-Cu-O coated superconductors, on the other hand, 

exhibit superior critical current in the presence of high magnetic fields, especially 
when the magnetic field is applied perpendicular to the surface of the superconductor. 
This may be due to the 3-dimensional magnetic flux pinning behavior inherent in 
many heavy rare-earth-Ba-Cu-O coated superconductors. 

[0033] This invention utilizes rare-earth-Ba-Cu-O superconductors 

comprising yttrium (Y) and/or heavy rare earth elements such as neodymium (Nd), 
samarium (Sm), ytterbium (Yb), neodymium (Nd), gadolinium (Gd), europium (Eu), 
lanthanum (La), and/or dysprosium (Dy), holmium (Ho), either by themselves or in 
combination with other rare-earth-Ba-Cu-O superconductors. 

[0034] The rare-earth-Ba-Cu-O superconductors of this invention may be 

produced by using multi-component rare earth elements at the same time, or by using 
a single rare earth element alone. For example, the rare earth portion of the 
superconductor could comprise just a single rare earth element, or it could comprise a 
combination of rare earth elements, so long as the stoichiometry of the rare-earth-Ba- 
Cu-O superconductor remains RE:Ba:Cu = 1:2:3, where RE = rare earth element or 
elements. For example, it is possible to fabricate (Ya, Smb, Ybc, Ndd, Gde, Euf, Lag, 
Dyh, Hoi)Ba2Cu307-.x, where a + b + c + d + e + f+g + h + i= l,and where x is 
greater than zero but less than one. Again, those skilled in the art understand that 
rare-earth-Ba-Cu-O superconductors will not be superconducting above 77K unless x 
is close to zero. 
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[0035] The performance properties of such superconducting films may be 

specifically tailored to meet a desired performance by varying the amount of each rare 
earth element, or by varying which individual rare earth element is used, so long as 
RE:Ba:Cu = 1:2:3, or thereabouts, is maintained. For example, while it has been 
mentioned that RE:Ba:Cu = 1:2:3, it is also possible for the stoichiometric ratio to 
vary somewhat so that RE:Ba:Cu = 1 : 2+/-0.3 : 3+/-0.2, without deviating fi-om the 
spirit and scope of this invention. Additionally, the processing conditions during 
manufacture of the superconducting film (i.e., substrate temperature, chamber 
pressure, gas amount and oxygen partial pressure, etc.) can be controlled so as to 
impart the desired performance characteristics into the final superconducting material. 
Furthermore, the substrate material and/or the starting precursor can be easily changed 
as desired, depending upon the desired performance and application for the final 
superconducting material. 

[0036] While some embodiments of this invention may comprise a 

superconducting material having a single layer of a rare-earth superconducting 
material or mixture thereof, other embodiments may comprise a variety of different 
rare-earth superconducting layers arranged in a discrete fashion (i.e., one over 
another). For example, in one embodiment, the high temperature superconductor 10 
of this invention comprises a layer of SmBa2Cu307-x sandwiched between two layers 
of YBaaCusOT-x, wherein x is about zero to about one, as shown in Figure 1 . As 
shown herein, a first buffer layer 14a of YSZ (about 1.6^m thick) is deposited on the 
substrate 12 (Hastelloy), then a second buffer layer 14b of CeOa (about 0.1 |im thick) 
is deposited thereon, followed by a first superconducting layer of YBa2Cu307-x 16a 
(about l|im thick), then a second superconducting layer of SmBa2Cu307-x 16b (about 
0.2|im thick), followed by a third superconducting layer of YBaiCuaOv-x 16c (about 
l^im thick). While two different methods were used to deposit the superconducting 
layers, as described below - pulsed laser deposition (PLD) and metal organic chemical 
vapor deposition (MOCVD) - it will be apparent to those skilled in the art that various 
other processing methods could be used to form the superconducting layers of this 
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invention, and all such methods are deemed to be within the spirit and scope of this 
invention. For example, these superconducting layers may be made using a variety of 
conventional methods including, but not limited to, evaporation including co- 
evaporation; electron beam evaporation; sputtering including magnetron sputtering, 
ion beam sputtering and ion assisted sputtering; chemical vapor deposition (CVD); 
metal organic chemical vapor deposition (MOCVD); pulsed laser deposition (PLD); 
plasma enhanced chemical vapor deposition (PECVD); molecular beam epitaxy; a 
sol-gel process; a solution process; and liquid phase epitaxy; or any other suitable 
method. 

Example One 

[0037] In one exemplary, non-limiting embodiment, a buffer layer of yttrium 

stabilized zirconia (YSZ) v^^as deposited on a substrate comprising Hastelloy via 
IBAD. This buffer layer was approximately 1 .6|am thick. An additional buffer layer 
of Ce02, approximately 0.1 ^m thick, was then deposited on the YSZ layer using 
PLD. Thereafter, a superconducting layer of YBa2Cu307-x was deposited over the 
layer of Ce02, then a layer of SmBaaCusOy-x was deposited over the layer of 
YBa2Cu307-x, and finally another layer of YBaaCusOv-x was deposited over the layer 
of SmBaaCusOv-x, wherein x is greater than zero but less than one. These 
superconducting layers were also deposited via PLD. Each YBa2Cu307-x layer was 
approximately l|im thick, and the SmBa2Cu307.x layer was approximately 0.2|im 
thick. The superconducting layers were deposited in a temperature range of between 
about 750-850°C, at a deposition rate of between about 0.5-1 micron/minute, and at an 
oxygen partial pressure of about 400 mTorr. 

[0038] Two separate targets of YBa2Cu307-x and SmBa2Cu307-x were used to 

deposit the distinctive layers described in this Example. A multi-target carousel was 
used to house the targets, and the appropriate target was moved into place to be 
ablated by the excimer laser beam. 
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[0039] Results of this rare earth discrete multilayer HTS are shown in Figures 

2-4. Referring now to Figure 2, there is shown a graph showing the magnetic field 
dependence of Jc of the high temperature superconductor (HTS) of this invention 1 00 
shown in Figure 1, as compared to the magnetic field dependence of Jc of a typical 
conventional second-generation coated high temperature superconductor 102. As 
used herein throughout, Jc = critical current density (a measurement of current 
carrying capacity measured in A/cm^ at 77 K), and Ic = critical current (a 
measurement of the maximum electrical current below which a superconductor shows 
superconductivity at a given temperature and magnetic field). As can be seen herein, 
the HTS of this invention 100 performed better than the conventional HTS 102 by a 
factor of about 2 in the presence of a magnetic field. The drop in Jc at 1 Tesla in the 
HTS of this invention 100 was only about a factor of 4, whereas the drop in Jc at 1 
Tesla in the conventional HTS 102 was about a factor of 7-10. More specifically, the 
HTS of this invention 100 had Jc=0.94 MA/cm^ and Ic=150 A at zero magnetic field. 
At a magnetic field of 0.5 Tesla, applied perpendicular to the surface of the HTS, and 
76K, the Jc of the HTS of this invention 100 dropped by less than a factor of 3 to 
Jc=338kA/cm^ and Ic=54A. At a magnetic field of 1 Tesla, applied perpendicular to 
the surface of the HTS, and 76K, the Jc of the HTS of this invenfion 100 dropped by 
less than a factor of 4 to Jc=248kA/cm^ and Ic=40A. 

[0040] The reason for the lower drop in Jc in the HTS of this invention 100 in 

the presence of a magnetic field can be seen in the data shown in Figure 3. As shown 
herein, when the magnetic field is applied perpendicular 106 to the surface of the HTS 
of this invention, the Jc is almost the same as when the magnetic field is applied 
parallel 104 to the surface of the HTS, even at magnetic fields up to almost 2 Tesla. 
This is highly unusual because the Jc when a magnetic field of 1 Tesla is applied 
perpendicular to the surface of the HTS is typically expected to be about 3 times 
lower than the Jc when the same magnetic field is applied parallel to the surface of the 
HTS. 

[0041] The role of aniosotropy in the HTS of this invention is ftirther 

explained in Figure 4, which shows the angular dependence of Jc in the HTS of this 
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invention 10 in various magnetic fields. While it can be seen that the maximum peak 
Jc is still observed when the magnetic field is applied parallel to the surface of the 
HTS 108, another strong peak also appears when the magnetic field is applied 
perpendicular to the surface of the HTS 110, 112. Furthermore, at both 0.5 Tesla and 
1 Tesla, the Jc when the magnetic field is applied perpendicular to the surface of the 
HTS is about 90% of the Jc when the magnetic field is applied parallel to the surface 
of the HTS. In a typical second-generation HTS, the Jc when the magnetic field is 
applied perpendicular to the surface of the HTS is about 30% of the Jc when the 
magnetic field is applied parallel to the surface of the HTS. This remarkable 
difference in the angular dependence of Jc in the presence of a magnetic field is 
responsible for the reduced drop in Jc in the HTS of this invention in the presence of a 
magnetic field. 

[0042] It can be further seen in Figure 4 that, in this embodiment of the HTS 

of this invention, the minimum Jc when the magnetic field is applied in any 
orientation with respect to the surface of the HTS is about 65% of the Jc when the 
magnetic field is applied parallel to the surface of the HTS. In a typical second- 
generation HTS, the minimum Jc when the magnetic field is applied in any orientation 
with respect to the surface of the HTS is generally about 30% of the Jc when the 
magnetic field is applied parallel to the surface of the HTS. 

Example Two 

[0043] In another embodiment, a buffer layer of YSZ was deposited on a 

substrate comprising Hastelloy via IBAD. This buffer layer was approximately 
1.6|im thick. Thereafter, an approximately 200nm-thick CeOa film was deposited 
onto the YSZ film via PLD at 800°C. Thereafter, a superconducting layer of 
Yo.9Smo.iBa2Cu307-:r film was deposited onto the Ce02 layer via MOCVD at chamber 
pressure = 1 .6 Torr and PO2 = 1 Torr, wherein x is greater than zero but less than one. 

[0044] The Yo.gSmo.iBaaCujOy-x film was prepared by using a 10%Sm-90%Y 

liquid precursor concentration. The concentration of the liquid precursor was 
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controlled by mixing a Sm and Y precursor having a ratio of Y:Sm = 9:1 into a fixed 
amount of a Ba and Cu precursor mixture so that the composition of the 
superconducting film could be easily changed by changing the composition of the 
liquid precursor. The liquid precursor was fed into the reaction chamber fi-om outside 
of the chamber, and therefore, the composition of the superconducting film could be 
controlled in-situ during processing. 

[0045] The angular dependence of Jc in a magnetic field of this HTS is shown 

in Figure 5. As seen herein, a peak in Jc is observed when the magnetic field is 
applied perpendicular to the surface of the HTS 116, 118. The intensity of this peak is 
about 70% of the peak when the magnetic field is applied parallel to the surface of the 
HTS 1 14. While this 70% peak of the HTS made by the MOCVD process (Example 
Two) is not as intense as the 90% peak of the HTS made by the PLD process 
(Example One), it is still much better than the 30% Jc value seen in typical second- 
generation HTS. The difference in the intensity of the peak in Jc when the magnetic 
field is applied perpendicular to the surface of the HTS is not because of the 
difference in the process itself (MOCVD vs. PLD), since other results have shown 
that the intensity of the peak can be varied within each process. 

[0046] It can be fiirther seen in Figure 5 that, in this embodiment of the HTS 

of this invention, the minimum Jc when the magnetic field is applied in any 
orientation with respect to the surface of the HTS is about 50% of the Jc when the 
magnetic field is applied parallel to the surface of the HTS. As previously noted, in a 
typical second-generation HTS, the minimum Jc when the magnetic field is applied in 
any orientation with respect to the surface of the HTS is generally about 30% of the Jc 
when the magnetic field is applied parallel to the surface of the HTS. 

[0047] While two very different processes (PLD and MOCVD) were used to 

make two different embodiments of the HTS of this invention, the results show that 
both methods are capable of producing high quality superconducting tape. Without in 
any way limiting the scope of this invention, it is believed that using heavy rare earths 
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in the structure may be the reason for the improved performance of these HTS in the 
presence of magnetic fields. 

[0048] As described above, the second-generation high temperature rare- 

earth-Ba-Cu-O superconductors of this invention allow superconductors having 
minimal degradation of Jc in the presence of a magnetic field to be realized. 
Advantageously, the superconductors of this invention show tremendous promise for 
commercial and military uses. These HTS may be fabricated into kilometer-length 
cables, tapes or coils in a rapid mass production environment. Many other advantages 
will also be apparent to those skilled in the relevant art. 

[0049] The high temperature superconductors of this invention may be used in 

various applications, such as for example, power cables, power transformers, power 
generators, and/or power grids. The power cables may comprise a conduit for 
passage of a cooling fluid, wherein the high temperature superconductor is disposed 
proximate (i.e., around) the conduit. The power cables may comprise power 
transmission cables and/or a power distribution cables. The power transformers may 
comprise one or more windings, wherein at least one winding comprises the high 
temperature superconductor. The power generators may comprise a shaft coupled to a 
rotor comprising at least one electromagnet comprising one or more rotor coils, and a 
stator comprising a conductive winding surrounding the rotor, wherein the conductive 
winding or at least one of the rotor coils comprises the high temperature 
superconductor. The power grids may comprise a power generation station 
comprising a power generator; a transmission substation comprising at least one 
power transformer for receiving power from the power generation station, and for 
stepping-up voltage for transmission; at least one power transmission cable for 
transmitting power from the transmission substation; a power substation comprising at 
least one power transformer for receiving power from the power transmission cables, 
and for stepping-down voltage for distribution; and at least one power distribution 
cable for distributing power to an end user. 
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[0050] Various embodiments of this invention have been described in 

fulfillment of the various needs that the invention meets. It should be recognized that 
these embodiments are merely illustrative of the principles of various embodiments of 
the present invention. Numerous modifications and adaptations thereof will be 
apparent to those skilled in the art without departing fi-om the spirit and scope of the 
present invention. For example, while only a couple RE-Ba-Cu-0 embodiments were 
described herein in detail, numerous other embodiments are also possible, and all are 
deemed to be within the spirit and scope of this invention. Furthermore, while coated 
superconductors have been described herein, bulk superconductors may exhibit the 
desired superior performance in the presence of a magnetic field as well, and as such, 
are also deemed to be within the spirit and scope of this invention. Thus, it is 
intended that the present invention cover all suitable modifications and variations as 
come within the scope of the appended claims and their equivalents. 
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